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1. Abstract 20 
The response of coffee (Coffea arabica L.) agronomical performance to changes in climate and atmospheric 21 
carbon dioxide concentration ([CO2]) is uncertain. Improving our understanding of potential responses of 22 
the coffee plant to these changes while taking into consideration agricultural management is required for 23 
identifying best-bet adaptation strategies. A mechanistic crop modeling approach enables the inclusion of a 24 
wide range of prior knowledge and an evaluation of assumptions. We adapt a model by connecting it to 25 
spatially variable soil and climate data, by which we are able to calculate yield of rain-fed coffee on a daily 26 
time-step. The model takes account of variation in microclimate and water use as influenced by shade trees. 27 
The approach is exemplified at two East African sites with distinctly different climates (Mt. Elgon, Uganda, 28 
and Mt. Kilimanjaro, Tanzania) using a global sensitivity analysis for evaluation of model behavior and 29 
prior parameter uncertainty assessment. We use the climate scenario driven by the Hadley Global 30 
Environment Model 2 representative for the year 2050 to discuss potential responses of the coffee plant to 31 
interactions of elevated [CO2], temperature, and water availability. We subsequently explore the potential 32 
for adaptation to this scenario through shade management. The results indicate that under current climatic 33 
conditions optimal shade cover at low elevations (1000 m.a.s.l.) is 50%, provided soil water storage capacity 34 
is sufficient, enabling a 13.5% increase in coffee yield compared to unshaded systems. Coffee plants are 35 
expected to be severely impacted (ranging from 18% to 32% coffee yield reductions) at low elevations by 36 
increased temperature (+2.5°C) and drought stress when no elevated [CO2] is assumed. Water competition 37 
between coffee and shade trees are projected to be a severe limitation in the future, requiring careful 38 
selection of appropriate shade tree species or the adoption of other technologies like conservation measures 39 
or irrigation. The [CO2]-fertilization effect could potentially mitigate the negative effect of temperature 40 
increase and drought stress up to 13-21% depending on site conditions and will increase yield at higher 41 
altitudes. High uncertainty remains regarding impacts of climate change on flowering. The present model 42 
allows for estimating the optimal shade level along environmental gradients now and in the future. Overall, 43 
it shows that shade proves to be an important adaptation strategy, but this requires improved understanding 44 
regarding site-specific management and selection of tree species. Moreover, we do not yet include climate 45 
change uncertainty. 46 
2. Keyword index 47 
Coffea arabica L., agroforestry system, spatial decision support, adaptation to climate change, parameter 48 
uncertainty  49 
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3. Introduction 50 
Coffee is cultivated in over 70 countries throughout the tropics with approximately 60% of the production 51 
being Coffea arabica L. (Arabica coffee) and 40% being Coffea canephora Pierre ex Froehner, syn. Coffea 52 
robusta (Robusta coffee) (FAO 2015). Over 70% of the world’s coffee is produced by smallholders 53 
managing less than 10 hectares of land (Fridell 2014). Climate change is expected to have substantial 54 
impacts on suitable areas for coffee (C. arabica) cultivation (Bunn et al. 2015a; Ovalle-Rivera et al. 2015; 55 
Magrach & Ghazoul 2015), pests and diseases pressure (Jaramillo et al. 2011; Magrach & Ghazoul 2015) 56 
and genetic resources (Davis et al. 2012), thereby likely changing the agro-ecological zones most suitable 57 
for coffee production (Bunn et al. 2015b). Agroforestry systems can both contribute to climate change 58 
mitigation while potentially enabling adaptation to climatic changes (Matocha et al. 2012; Mbow et al. 2014; 59 
Vaast et al. 2016).  60 
Due to the perennial nature of coffee with an economic lifespan typically up to 30 years (Wintgens 2004) 61 
and the long time required for agroforestry trees to grow to maturity, decisions regarding adaptation to 62 
climate change are challenging. Therefore, there is an urgent need for decision support consisting of accurate 63 
estimates of climatic suitability for coffee production and the influence of modified microclimate by shade 64 
trees, including competition effects (Luedeling et al. 2014). Where long historical records of coffee 65 
performance, weather and soil conditions are available, this is a relatively easy task, but the majority of 66 
coffee growing areas lack such data (Luedeling et al. 2014). Statistical species distribution modelling 67 
approaches (Schroth et al. 2009, Bunn et al. 2015a; Magrach & Ghazoul 2015) or agro-climatic indices 68 
(Lane & Jarvis 2007) have instead been used. These methods are suitable for characterizing broad agro-69 
ecological zones (Bunn et al. 2015b) and generating hypotheses on the suitable climatic conditions for 70 
coffee, but they lack a mechanistic process representation required to predict crop response outside the 71 
current growing domain, including the carbon fertilization effect (CFE) induced by rising atmospheric 72 
carbon dioxide concentration ([CO2]). Furthermore, while the above studies have analyzed geographical 73 
shifts in coffee suitability, indicating a decrease of available area in the future, they did neither include 74 
phenotypic responses of the coffee plant (Nicotra et al. 2010) nor management practices allowing for 75 
adaptation to climate change, such as shade management, irrigation, or changes in coffee genotypes (Vaast 76 
et al. 2016).  77 
Mechanistic crop models are believed to be more appropriate in generating realistic simulations of plant-78 
soil-climate interactions. Moreover, they facilitate learning through hypothesis testing and identification of 79 
missing knowledge (Sinclair & Seligman 1996; Boote et al. 2010), which enables guidance for management 80 
action (Harfoot et al. 2014). However, applying such models without sufficient data for calibration, results 81 
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in large uncertainties of model predictions, next to existing uncertainties in model structure (Beven 2008; 82 
Luedeling et al. 2016). The latter is often not identifiable by comparing model outputs with observations 83 
alone, as many models can be fitted to the same data leading to the problem of equifinality (Beven and Freer 84 
2001). Model comparison and critical reflection of assumptions is considered more appropriate (De Kauwe 85 
et al. 2014). 86 
Most of the parameters in a crop model are considered “genetic coefficients”, and do not have to be adjusted 87 
when applied at different sites (Yin et al. 2004). Yet, some parameters encompass limited process 88 
understanding and require calibration when the model is applied to different sites. These include parameters 89 
related to the induction of flowering in coffee (Van Oijen et al. 2010b; Rodriguez et al. 2011). Another 90 
aspect related to parameter values is phenotypic plasticity, i.e. changes in morphological, chemical, and 91 
physical characteristics of a plant in response to the environment. If phenotypic plasticity is explicitly 92 
accounted for, there is no need to adapt parameters in different environmental conditions (Yin 2013). 93 
Obviously, this is only possible when the required knowledge is available to adequately represent these 94 
processes. Considerable understanding is available on phenotypic responses of coffee to water (Poorter & 95 
Nagel 2000; Carr 2012; Cavatte et al. 2012; Cannavo et al. 2011) and light availabilities (Matos et al. 2009; 96 
Charbonnier et al. 2013; Martins et al. 2014a), but uncertainty is much greater with regard to phenotypic 97 
plasticity to atmospheric [CO2] variation (Yin 2013), with only few experimental studies regarding coffee 98 
so far (Martins et al. 2014c; Ghini et al. 2015; DaMatta et al. 2016). 99 
Other difficulties in exploring possible impacts of climate change on crop production are related to the 100 
uncertain responses to climate extremes (Thornton et al. 2014). Depending on the methods used for 101 
downscaling Global Climate Model (GCM) output to scales suitable for agriculture, the projected changes 102 
in climate only represent mean changes in temperature and precipitation and do not adequately represent 103 
changing climate variability, notably temperature and precipitation extremes (Müller et al. 2011; Ramirez-104 
Villegas et al. 2013). In addition to uncertainty in boundary conditions, there is also uncertainty in the actual 105 
effects of such extremes on the plant (Reyer et al. 2013). 106 
The goal of this study is to use a mechanistic coffee model, which integrates current knowledge on coffee 107 
ecophysiology, to evaluate potential impacts of climate change in various agro-ecological settings and 108 
agricultural managements. By making use of statistical approaches to explore the plausible parameter space, 109 
we identify optimal current and future management practices of a wide range of potential genotypes. The 110 
objectives of this paper are to 1) present the proposed coffee model, 2) assess model outcome in time and 111 
space using mean literature derived parameter values, 3) identify model behavior through global sensitivity 112 
analysis and 4) evaluate how robust the predicted change is despite parameter uncertainty conditioned by 113 
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different climate scenarios. We used two contrasting sites of East Africa as case study areas, namely the wet 114 
slopes of Mount Elgon, Uganda vs the drier slopes of Mount Kilimanjaro, Tanzania.  115 
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4. Material and methods 116 
A. Coffee Model 117 
The original version of the coffee agroforestry model (CAF2007) was described by van Oijen et al. (2010b) 118 
and extended by Ovalle-Rivera (2014). This study adapts the CAF2014 model for use as a spatially 119 
contextualized decision support tool (SpCAF). This model was chosen as it is specifically designed to deal 120 
with coffee agroforestry systems and includes a mechanistic light use efficiency approach that deals with 121 
the interaction between temperature and [CO2]. In comparison to CAF2014, we assume no nutrient 122 
limitations as we intend to isolate the impact of climate on coffee and therefore focus on yield response to 123 
water (i.e. water limited yield according to van Ittersum et al. 2013), temperature and atmospheric [CO2] 124 
levels. Consequently, coffee yield is expressed exclusively as a function of climate and soil water 125 
availability, excluding nutrient competition, pest and disease alterations, or allelopathic properties of shade 126 
trees on understory coffee. Tree shading is simplified to a canopy that provides shade and competes for 127 
water through evapotranspiration. Thus, the objective is not to explicitly model a specific shade tree species, 128 
but rather allow for exploration of the continuity between no shade and heavy shade and its effects on 129 
microclimate and water competition. The model calculates water-limited coffee yield at a daily time-step 130 
and is implemented in R statistics (R Core Team 2014). In the following sections, all key processes and 131 
model assumptions are presented. An overview of the model is illustrated in Figure 1. 132 
 [Place Figure 1 here] 133 
Coffee growth under optimal water supply 134 
Canopy photosynthesis is modelled using a mechanistic light-use efficiency (LUE) approach based on the 135 
leaf photosynthesis model of Farquhar et al. (1980) and scaled up to canopy photosynthesis (Charles-136 
Edwards 1982), as described in detail by van Oijen et al. (2004). This formula for LUE is calculated on a 137 
daily basis and depends on temperature, atmospheric [CO2] concentration, light intensity and the Rubisco 138 
content of upper leaves. Instead of modelling photosynthesis and respiration separately, the LUE approach 139 
assumes a constant ratio of daily rates of respiration and photosynthesis, which has been explained 140 
experimentally (e.g. Gifford 1995, 2003) and theoretically (van Oijen et al. 2010c). The parameters have 141 
been adjusted to very low and high light intensity, yielding highest values for LUE at low intensity (van 142 
Oijen et al. 2010b). This allows consistency with observations as reported by Franck & Vaast (2009), 143 
Cavatte et al. (2012) and Charbonnier et al. (2017) for Arabica coffee. Moreover, by expressing the LUE 144 
approach based on the Farquhar et al. (1980) biochemical model, the interaction between temperature and 145 
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elevated atmospheric [CO2] is represented (Yin 2013). Under favorable conditions, growth rate is 146 
proportional to the amount of light intercepted by the canopy (Monteith 1977). Therefore, LUE is multiplied 147 
with daily intercepted solar radiation, calculated as an exponential function of leaf area index (LAI) and a 148 
constant light extinction coefficient according to Beer’s Law for attenuation (Monsi & Saeki 1953). Water 149 
stress decreases LUE proportionally via the ratio of actual to potential transpiration rate (Kropff & van Laar 150 
1993).  The LUE of C. arabica has been shown to range between 0.23 – 0.8 g MJ-1 (Bote et al. 2016a, 151 
Charbonnier et al. 2017). It has also been shown that LUE can increase by 50% under shade and thereby 152 
largely compensate for a reduction in 60% photosynthetically active radiation (PAR) leading to almost equal 153 
net primary productivity (Charbonnier et al. 2017). Therefore, using the LUE approach appears to be 154 
particularly appropriate for summarizing differences in phenotypic plasticity to shade (Cavatte et al. 2012; 155 
Charbonnier et al. 2017; Bote et al. 2016a). This plasticity is reflected by several physiological and 156 
morphological adjustments. Firstly, plants in low light conditions allocate more nitrogen to light harvesting 157 
rather than carbon-assimilating enzymes (Cavatte et al. 2012; Poorter et al. 2014), although coffee was 158 
found to have a robust photosynthetic machinery even in low light that allows to maximize variable light 159 
availability by sunflecks (Martins et al. 2013). Secondly, in high light an increased investment in 160 
photoprotective mechanisms was observed (Matos et al. 2009). Thirdly, reduced VPD under shade improves 161 
stomatal and mesophyll conductance over the day (Franck & Vaast 2009; Martins et al. 2014b), which is 162 
particularly important as coffee photosynthesis is mainly limited by diffusive rather than biochemical 163 
limitations (DaMatta et al. 2007; Chaves et al. 2008; Franck & Vaast 2009; Martins et al. 2014b). 164 
Fourthly, increases in specific leaf area (Martins et al. 2014b) and diffuse light availability (Charbonnier et 165 
al. 2013) under shade might further increase fraction of absorbed photosynthetically active radiation 166 
compared to unshaded systems.  167 
The fraction of carbon (C) allocated to the different plant organs depends on phenological stage (vegetative 168 
growth, bean maturation) and is modulated by water availability. Root C sink strength increases with 169 
increasing water stress to the detriment of other plant organs according to the functional equilibrium theory 170 
(Brouwer et al. 1983). High fruit load can come at the expense of (i) vegetative growth leading to ‘die back’ 171 
(Vaast et al. 2005) in extreme cases, and (ii) the development of fruiting nodes and hence lower sink strength 172 
of fruits in the following year (Vaast et al. 2005; Bote & Vos 2016). Phenology is based on thermal time 173 
(degree days) and flowering is induced by a threshold amount of rainfall after the dry season (DaMatta et 174 
al. 2007; Carr 2012). The intensity of flowering is a function of monthly light intensity around flowering 175 
(Cannell 1985; Franck & Vaast 2009). Leaf senescence varies depending on the degree of water stress, while 176 
roots were set with a constant lifespan. Leaf growth is calculated as the product of leaf biomass and specific 177 
leaf area. The latter is decreased by water stress.  178 
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 179 
Soil water balance and water stress  180 
A simple one-layer soil water balance is used to calculate the amount of water in the root zone, whereby 181 
water is added by precipitation and lost through interception, transpiration, evaporation, runoff and drainage 182 
(van Keulen 1986; van Oijen et al. 2010b). Runoff is calculated as the amount of water lost through surface 183 
flow, which is a function of rainfall interception by vegetation cover (modelled by the system’s leaf area 184 
index), soil water holding capacity, and slope. Drainage is calculated as the remaining water not used by 185 
evapotranspiration, interception by vegetation or loss through runoff, which is not retained by the soil (van 186 
Oijen et al. 2010b). No groundwater influence is assumed. Potential transpiration depends on temperature, 187 
solar radiation, vapor pressure and LAI and is calculated with the Penman equation (Penman 1948) 188 
according to van Oijen & Leffelaar (2008). Actual transpiration rate decreases below the potential rate when 189 
soil water content is below a critical value, which is lower than field capacity by an amount that depends 190 
inversely on atmospheric evaporative demand (Driessen 1986; van Oijen et al. 2010b). This critical plant 191 
available soil water content additionally depends on the sensitivity of the coffee cultivar to drought. 192 
Waterlogging can hamper crop growth when soil water content exceeds a given threshold. Evapo-193 
transpiration demand is partly covered by daily rainfall interception through foliage up to a maximum level 194 
which is proportional to LAI (van Oijen et al. 2010b; Siles et al. 2010).  195 
 196 
Shade, light transmission, microclimate buffering  and water competition 197 
Light transmission through shade tree canopy is modelled with Beer’s law using the LAI of the shade tree 198 
canopy and an extinction coefficient reflecting different degrees of light transmission and assuming a 199 
horizontally homogeneous canopy (Kropff & van Laar 1993, Zuidema et al. 2005). These two variables 200 
allow for varying light transmission through shade tree canopy between 0% and 100%. In reality, the shade 201 
tree canopy in agroforestry systems is never homogeneous, and includes multiple layers and species, as well 202 
as canopy gaps. Charbonnier et al. (2013) showed that the assumption of a homogeneous canopy is 203 
nevertheless valid at plot scale, at least under their studied conditions at a humid site in Costa Rica with 204 
high planting density dwarf Caturra varieties and low shade tree density with crown projections covering 205 
16% of the farm. Although it is difficult to assume their findings are valid under other environmental and 206 
shade management conditions, it is an important indication that plot level modelling might be sufficiently 207 
approximated with this approach. Therefore, it provides an appropriate reference for comparing the effects 208 
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of climate and shade on coffee. Conceptually, non-shaded and homogeneous shade canopy constitute 209 
reference points for the extreme shade canopy types, whereby the LAI and light extinction coefficient 210 
represent different shade tree compositions. Changes in coffee leaf functional traits (e.g. SLA and leaf 211 
nitrogen concentration) between management systems of different vegetation structures (i.e. various shade 212 
tree compositions to no shade) is mainly related to light availability rather than shade tree species 213 
composition (Gagliardi et al. 2015).  214 
Microclimate modification by shade is reflected as a decrease of daily average temperature proportional to 215 
the fraction of radiation intercepted by the shade trees (van Oijen et al. 2010b). Mean daily temperature 216 
decreases according to shade level down to a given maximum (e.g. 4 °C; Beer et al. 1998). Water 217 
competition starts with rain interception of shade trees which is proportional to LAI up to a specified 218 
threshold (Siles et al. 2010). Tree transpiration was modelled as for coffee with the Penman equation 219 
(Penman 1948). Shade trees transpire water from the same soil-water layer as used by coffee plants. Hence 220 
competition of water occurs when transpiration demands of coffee and shade trees together drive the soil 221 
water content below the critical soil water threshold, when actual transpiration rate declines below potential 222 
rate.  223 
B. Climate and soil data 224 
Parameters of the soil-water balance model are retrieved from the gridded functional soil information dataset 225 
on root zone plant-available water holding capacity of the Sub-Sahara African Soil (AFSIS; Leenaars et al. 226 
2015). Terrain slope is calculated with the terrain function from the “raster” package (Hijmans et al. 2015) 227 
based on the SRTM 90-m digital elevation model. Daily weather data is generated from the WorldClim 228 
database (Hijmans et al. 2005) using the MarkSim weather generator (Jones & Thornton 2000) on a 30 229 
second resolution (approximately 1 km near the equator) for current (interpolation of observed data, 230 
representative of 1950-2000) and future climatic conditions (downscaled GCM data using the delta method 231 
(Ramirez & Jarvis 2010) and representative of the 2040-2069 time-slice). Since the objective of this study 232 
is to present the model and its behavior instead of a climate change impact assessment, we chose only one 233 
GCM to exemplify model capability. We focus the study on possible responses of the coffee plant with 234 
consideration of its management to a changing climate, rather than assessing uncertainty in climate change 235 
predictions. The Hadley Global Environment Model 2 – Earth System (HadGEM2-ES; Jones et al. 2011) 236 
from the IPCC 5th assessment report (IPCC 2013) using the representative concentration pathway 6.0 (van 237 
Vuuren et al. 2011) was chosen for illustration purposes. HadGEM2-ES has been identified as one of the 238 
best performing GCMs (e.g Brands et al. 2013; Perez et al. 2014) and is one of the most commonly used 239 
one. Vapor pressure is estimated from temperature, assuming dew point is equal to minimum temperature 240 
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as shown by Wang et al. (2004). Solar radiation is estimated with MarkSim using the model of Donatelli 241 
and Campbell (1997, cit. in Jones & Thornton 2000) and adjusted to topography with the ‘slopefactor’ 242 
function of the EcoHydRology package of R (Fuka et al. 2014). Because Arabica coffee is mainly cultivated 243 
on the slopes of mountain ranges, spatial resolution should not be too low in order to account for the 244 
heterogeneity arising through complex topography. To account for the stochasticity of the MarkSim weather 245 
generator, 100 replicates of yearly weather data are simulated for each pixel to account for the diversity of 246 
possible weather constellations that monthly mean values could be made up of. We calculated four 25-year 247 
growth periods per site and then calculated the mean annual yield values of the 100 year simulations. 248 
C. Study sites 249 
Two study sites of East Africa were chosen with distinctly different climates (Fig 2 and Table S1). An 250 
altitudinal transect (1000 – 2200 m.a.s.l.) was selected along the slopes of Mt. Elgon, Uganda, with hot and 251 
dry climate at low altitudes, and cool and wet climate at high altitudes. On the other hand, Mount 252 
Kilimanjaro, Tanzania, was chosen as a prominent coffee growing region with severe drought issues and a 253 
high predicted climate change impact (Craparo et al. 2015). The precipitation values of the WorldClim data 254 
for Kilimanjaro above 1500 m.a.s.l. were corrected with the insights gained from weather monitoring along 255 
the altitudinal transect as recently published by Appelhans et al. (2016, Figure 4). At the two study sites, the 256 
HadGEM2-ES estimates a slightly higher temperature increase and a lower change in annual rainfall 257 
compared to four other commonly used GCMs (Table S2). Therefore, the HadGEM2-ES represents a 258 
warmer and drier climate with respect to the other evaluated GCMs. The soils on the slopes of Mt. Elgon 259 
and Mt. Kilimanjaro are predominantly Nitisols (WRB for soil classification (IUSS Working Group 2015), 260 
developed on basaltic outflows. Water holding capacity is highly heterogeneous due to the complex 261 
topography and is highest at mid altitude (Figure S1). The selected areas have an extension of 1739 km2 in 262 
Mt. Elgon and 1430 km2 in Mt. Kilimanjaro and are important coffee production areas with the majority of 263 
households growing coffee. The coffee is often intercropped with banana (Musa spp) and a diversity of 264 
shade trees with Cordia Africana, Albizia schimperiana and Ficus mucosa being the most frequent ones 265 
(Hemp 2006; van der Wolf et al. 2016). 266 
 [Place Figure 2 here] 267 
D. Experimental design 268 
The full continuum of light and water competition was modelled. To calculate optimal shade level per pixel 269 
for maximum coffee yield, we varied the shade tree leaf area index between 0 and 3 and the shade tree light 270 
extinction coefficient between 0.4 and 0.8, yielding shade levels between 0 and 90%. The continuum of 271 
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water competition was represented by the two extremes of full potential and no water competition; full 272 
potential water competition between coffee and shade trees is assumed due to presence of coffee and tree 273 
roots in the same single and homogeneous soil layer and with no preferential access of coffee roots to soil 274 
water. For the sensitivity and uncertainty analyses on the other hand, we did not use the full continuum of 275 
light and water competition due to high computation demand. We compared non shaded systems with 276 
systems covered by 50% shade (shade tree leaf area index = 1 and shade tree light extinction coefficient = 277 
0.7) assuming full water competition. 278 
Climate scenarios consisted of current climatic conditions referring to 1950-2000 according to WorldClim 279 
and denoted as year 2000, and future climate representative of the 2040-2069 time-slice (in the following 280 
referred to 2050) without elevated atmospheric [CO2] (future A) and with elevated atmospheric [CO2] 281 
(future B). Atmospheric [CO2] concentrations for current and future A scenarios were 380 ppm and 478 282 
ppm for future B scenario, according to the IPCC representative concentration pathways (RCP) 6.0 (van 283 
Vuuren et al. 2011). For the future B scenario, we assumed neither photosynthetic downregulation nor 284 
changes in carbon allocation to represent the maximum possible CO2 fertilization effect (CFE). The future 285 
A scenario represents the “temperature” effect of climate change, and the difference between future B and 286 
future A, represents the uncertainty in CFE. Maximum CFE reflects increased photosynthesis and water use 287 
efficiency assuming no phenotypic responses to elevated [CO2]. The uncertainty range, therefore, reflects 288 
possible physiological and/or morphological changes as a response to elevated [CO2] not accounted for by 289 
the model. For the sensitivity analysis and prior (i.e. uncalibrated) uncertainty assessment, we chose two 290 
locations each on Mt. Elgon and Mt. Kilimanjaro, one at low altitude (1097 and 1133 m.a.s.l., respectively) 291 
and a second one at high altitude (1863 and 1629 m.a.s.l, respectively). 292 
 293 
E. Evaluation 294 
Parameter ranges and assumptions 295 
Parameter ranges were selected as marginally uniform distributions based on published studies as presented 296 
by van Oijen et al. (2010a) and from more recent literature (see Table S3 and S5). It is important to 297 
differentiate between parameter values that can be considered as generally valid for all Arabica coffee 298 
species and parameter values that are genotype specific (Boote et al. 2003). Genotype specific parameters 299 
include carbon allocation parameters, transpiration coefficient, light extinction coefficient, leaf Rubisco 300 
content, time between seedling planting and reproductive phase, specific leaf area, and parameters of plant 301 
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organ senescence. Differences between traditional low yielding and improved high yielding genotypes can 302 
be largely explained by differences in carbon allocation patterns, whereby the efficiency of the 303 
photosynthetic apparatus remained almost the same (Génard et al. 2008; Ericsson et al. 1996). For example, 304 
the difference at juvenile stage between the coffee cultivars Coffea arabica cv. Caturra, Catuai, and Catimor 305 
was mainly related to morphological variables (i.e. height, leaf area, internode number, root to shoot ratio), 306 
while physiological variables (i.e. leaf net photosynthetic rate, stomatal conductance, intercellular [CO2], 307 
and intrinsic water-use efficiency) were not significantly different (Zhang et al. 2017). 308 
Sensitivity analysis 309 
A global sensitivity analysis was performed using the extended Fourier amplitude sensitivity test (eFAST) 310 
of Saltelli et al. 1999. The eFAST estimates the contribution of individual input factors to output variance 311 
and evaluates the variability of the output for the entire uncertainty domains of the parameters. Additionally, 312 
it addresses higher-order interaction between input factors. The method makes use of a sampling approach 313 
following a systematic search trajectory designed to explore the parameter space via a transformation 314 
function. A first-order sensitivity and a total-effect sensitivity index are computed from the generated 315 
trajectories using a spectral decomposition of the model output variability. The total output variance is 316 
decomposed to estimate the influence of individual parameters by its main effects and the interactions with 317 
other parameters. This method was shown to be more efficient than Sobol’s method (Sobol’, 1993) which 318 
uses a Monte Carlo approach to estimate first and total sensitivity indices (Makowski et al. 2006) and has 319 
been shown to be more robust than several other global sensitivity methods (Chan et al. 1997; Saltelli & 320 
Bolado 1998). Furthermore, computational demand is significantly lower with eFAST and interaction 321 
effects among parameters are computed, which is not the case with Sobol’s algorithm. We used the 322 
sensitivity R package by Pujol et al. (2015). Conversion of the sensitivity indices was found for a sample 323 
size of factor 1000 resulting in 26 000 model runs with 26 parameters, i.e. 26 000 parameter vectors were 324 
sampled and run with the model per climate and management scenario. 325 
 326 
 Prior parameter uncertainty analysis  327 
As the exact parameter values are unknown, we evaluate how the different shade management and climate 328 
scenarios impact on the different parameter sets within the range of parameter uncertainty. This approach is 329 
called forward uncertainty analysis (Beven 2008), as the outputs depend entirely on the prior assumptions 330 
of the parameters, which are propagated forward through the model predictions. To assess forward 331 
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parameter uncertainty, we use the parameter vectors as sampled with the eFAST method. The uncertainty 332 
is exemplified for a hypothetical but realistic (i.e. derived from existing literature) coffee Arabica genotype. 333 
Therefore, we set the light extinction coefficient and Rubisco content in leaves to 0.65 (m2 m-2) and 0.54 (g 334 
m-2), respectively. The uncertain parameters are given in table S4. The soil parameters representing the 335 
fraction of water content at field capacity, air dryness, wilting point, and water saturation have been set to 336 
the values of the respective pixels of the AFSIS database (Leenaars et al. 2015).  337 
 338 
5. Results 339 
A. Model runs with mean parameter values  340 
Mount Elgon: 341 
On Mt. Elgon, the high altitude is currently the most suitable area for coffee production with a peak at 1780 342 
m.a.s.l. (Figure 3). Due to the optimal mean annual temperatures (19.3 °C), annual precipitation (1654 mm) 343 
and high cloud cover and hence low daily mean solar radiation (19.7 MJ m-2 d-1), coffee is not dependent 344 
on shade for buffering microclimate. Shade becomes beneficial from 1500 m.a.s.l. on downwards, whereby 345 
the benefit increases as altitude decreases. Maximum yield gain with optimal shade management assuming 346 
full potential water competition is 11% for current and 13% and 10% for future A and B, respectively. At 347 
low altitude, shade up to 50% increases coffee yield, despite the conservative assumption of non-preferential 348 
access of coffee roots to soil water and hence full potential water competition between coffee and shade 349 
trees. Furthermore, some areas at low altitudes have soils with low water holding capacity resulting in 350 
increased competition for water between coffee and shade trees. In the scenario of future climate (2050) as 351 
predicted by the HadGEM2-ES without considering elevated atmospheric [CO2], coffee yield is negatively 352 
affected up to 2000 m.a.s.l., with a maximum decrease of 44% on poor soils at low altitude (mean = -25%), 353 
while at altitudes higher than 2000 m.a.s.l. yield is increased due to predicted higher temperatures. Optimal 354 
coffee suitability increases up to 2200 m.a.s.l. equaling an altitudinal shift of 400 m; this drastically reduces 355 
the suitable area for coffee cultivation as exemplified by a comparison of maps on current and future A 356 
scenarios (Figure 3). The increased yield in the future, limited to the highest altitudes, is additionally 357 
attributed to a foreseen precipitation increase [100-300 mm yr-1]. However, this area coincides with the 358 
protected Afromontane forest starting at around 2200 m.a.s.l., hence agricultural expansion to these higher 359 
altitudes is not permitted. Shade as an adaptation strategy allows to adapt currently non-shaded systems in 360 
the future but only if coffee is associated with tree species not competitive but rather complementary in 361 
  14 
 
terms of water use. Unless water competition is adequately dealt with, the benefit of modified microclimate 362 
by shade trees will not be able to sustain the current yield level. Assuming no phenotypic plasticity as a 363 
response to elevated [CO2], the CFE cancels the negative effect of high temperature at low and mid altitudes 364 
on Mt. Elgon, while at high altitude yield is increased [10-15%].   365 
Mount Kilimanjaro: 366 
On the slopes of Mt. Kilimanjaro, the highest yield of rain-fed coffee is between 1600 and 1800 m.a.s.l. 367 
(Figure 4). Shade improves coffee yield at lower altitudes (<1600 m.a.s.l.) only if non-water-competitive 368 
shade tree species are used. Assuming full potential water competition, shade is beneficial solely up to 1370 369 
m.a.s.l., due to the dry climate reducing the net benefit of shade trees. Furthermore, the temperature effect 370 
of predicted climate change, according to the HadGEM2-ES without considering elevated [CO2], decreases 371 
yield up to 1730 m.a.s.l.. Higher evaporative demand and hence water stress will be a serious problem and 372 
the issue of water competition between coffee and shade trees even more critical. Adapting coffee systems 373 
to this foreseen climate will require substantial knowledge on shade tree selection and management. 374 
Elevated [CO2] might mitigate the negative effects of predicted climate change at low altitude if no 375 
physiological and/or morphological acclimation processes take place. At mid altitude, future elevated [CO2] 376 
conditions will not be able to maintain the same yield level as under current conditions. Maximum yield 377 
gain with optimal shade management assuming full potential water competition is 12% for current and 18% 378 
and 17% for future A and B, respectively. 379 
[Place Figure 3 here] 380 
[Place Figure 4 here] 381 
B. Prior parameter uncertainty 382 
Prior parameter uncertainty analysis provides insights on the qualitative changes to be expected using 383 
different parameter sets when evaluating different shade management and climate scenarios (Figure 5). The 384 
mean responses of the impact of different management practices (no shade vs. shaded systems) at current 385 
and future (with CFE vs no CFE) climatic conditions over a longer time period, give a clear picture of the 386 
climate signal. Incorporating shade trees with 50% canopy cover at low altitude (1092 m.a.s.l) on Mt. Elgon 387 
benefits coffee yield on average by 13.5% over a 25 year growth period, despite high parameter uncertainty 388 
(Figure 5). This shade level also constitutes the optimal shade level for highest coffee yield (Figure 6). A 389 
few parameter sets reveal no change or even a yield decrease under shaded conditions. This occurs under 390 
conditions of combined low leaf sink strength, low maximum leaf life-span, and short thermal time 391 
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requirement for bean maturation. Such a parameter constellation is unlikely present in a real genotype, 392 
therefore making this scenario rather unrealistic. Yet, to improve our model understanding it is still helpful 393 
to identify such conditions. In these parameter constellations, LAI is too small to adapt to the limited light 394 
availability under shade, which outweighs the benefits of improved microclimate. Furthermore, the short 395 
thermal time requirement for bean maturation results in an increased photo-assimilate demand by berries 396 
that cannot be provided by the low leaf area and low light availability. At high altitudes, on the other hand, 397 
shade (with 50% canopy cover) is not beneficial for coffee yield compared to unshaded systems, due to the 398 
already low temperatures, high humidity associated to high annual rainfall, and low solar radiation due to 399 
high cloud cover. None of the evaluated parameter constellations allow for improved yield under shade at 400 
high altitude. Unshaded coffee outperforms shaded coffee in terms of coffee yield at current climatic 401 
conditions at high altitude (Figure 6). 402 
In a future climate as projected by the HadGEM2-ES, coffee yield is hampered by increased temperature 403 
and drought stress at low altitude (-18%) if no elevated atmospheric [CO2] concentration is assumed (Figure 404 
5). For most parameter constellations, this negative impact on yield can be mitigated if shade is included 405 
allowing to maintain current yield in the future. A shade level of 50% continues to provide the highest net 406 
benefit resulting in highest yield (Figure 6). The shade effect for different parameter constellations has been 407 
described above. In a future scenario with elevated atmospheric [CO2] reaching 478 ppm, the negative 408 
impact of increased temperature and drought stress is mitigated (Figure 5), allowing to maintain current 409 
yield in the future even without shade. This is assuming neither a downregulation in photosynthesis nor 410 
changes in carbon allocation as a response to elevated [CO2]. As shown in Figure 5 and 6, optimizing shade 411 
management under these conditions results in increased yield compared to current unshaded systems (18%). 412 
At high altitude, by contrast, increased temperatures will benefit coffee yield in both scenarios (no/with 413 
elevated [CO2]). Shade with 50% canopy cover at these altitudes will not be able to outperform unshaded 414 
systems either today or in the future, if the sole objective is to maximize coffee yield (Figure 5). But shade 415 
up to 18% does not lead to a yield reduction (Figure 6). 416 
On Mt. Kilimanjaro, Tanzania, shade also improves coffee yield at low altitude (24%) but not at high 417 
altitude. Compared to Mt. Elgon, future predicted climate change has a more negative effect in both 418 
scenarios, without (-32%) and with elevated [CO2] (-18%) in unshaded conditions. But yield can be 419 
improved by shading to (-2%) and (16%) in scenarios without and with elevated [CO2], respectively. 420 
Although shading coffee at high altitude reduces potential yield at current climatic conditions, it buffers 421 
coffee systems against future climate scenarios and helps maintain yield (no elevated [CO2]) or even 422 
increases yield (with elevated [CO2]). 423 
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[Place Figure 5 here] 424 
 [Place Figure 6 here] 425 
C. Parameter sensitivity 426 
The most sensitive parameters are those related to soil water availability (i.e. amount of water available for 427 
coffee and trees between field capacity and wilting point), light interception (light extinction coefficient), 428 
photosynthesis (Rubisco content in leaves), and carbon allocation (i.e. sink strength for leaves and storage 429 
organs) (Figure 7). These parameters need to be well known or appropriately estimated to reduce 430 
uncertainty. The remaining parameters do not significantly influence output variance and hence can be set 431 
as constant values allowing for model simplification. The difference in parameter sensitivity to changes in 432 
environment (Uganda vs Tanzania / low vs high altitude) is less than to shade level. 433 
Shade reduces the energy input reaching the soil and the coffee plants, and therefore reduces water use by 434 
coffee transpiration and to a lesser extent soil evaporation. Yet, adding transpiration of the shade trees, hence 435 
assuming full potential water competition all year around, leads to high sensitivity of soil parameters. The 436 
soil water budget of coffee plants is less important under shaded conditions when there is no water 437 
competition. The strong influence of soil hydraulic parameters (parameters related to field capacity and 438 
wilting point) highlights the need for using high quality soil data as inputs. As water becomes less limiting, 439 
parameters related to light interception, canopy photosynthesis, and carbon allocation become more 440 
important. The C sink strength of roots gains importance in water limited conditions when soil hydraulic 441 
parameters are excluded of the sensitivity analysis (data not shown), while sink strengths of leaves and 442 
berries are relatively more important in light limited conditions.  443 
As shown in Figure 5, the general pattern of model parameter sensitivity between Mt. Elgon and Mt. 444 
Kilimanjaro is consistent, despite the differences in climatic conditions. The main difference is the higher 445 
sensitivity of parameters related to thermal time, namely base temperature for maturation (TMATB) and 446 
thermal time to maturation (TMATT) particularly in unshaded systems located at low altitude. 447 
The soil water balance parameters are provided as input by the AFSIS database, whereby the uncertainty of 448 
this database is not considered in this study. Yet, as the model is very sensitive to soil hydraulic parameters, 449 
accurate estimates are required to reduce uncertainty. For calibration purposes, it is important to know which 450 
parameters are critical when removing them from the analysis. When excluding the soil water balance 451 
parameters, the sensitive parameters (>0.1) are (in descending order): carbon sink strength of leaves 452 
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(SINKL), Rubisco content of upper leaves (RUBISC), sink strength for storage organs (SINKPMAX), light 453 
extinction coefficient (KEXT), and carbon sink strength of roots (SINKR).   454 
 455 
[Place figure 7 here]  456 
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6. Discussion 457 
We presented a model allowing to taking into account spatially-explicit soil and climate characteristics to 458 
explore management options for coffee systems via shade tree association. One GCM was used, as the main 459 
purpose of this study is the presentation of the model features rather than a full climate change impact 460 
assessment. Nonetheless, consistent with earlier studies, we found negative impacts of increased 461 
temperature at low altitude, while high altitude areas should gain in terms of yield potential (Bunn et al. 462 
2015a, Magrach & Ghazoul 2015). Our model suggests that the CFE potentially could mitigate the negative 463 
effects of increased temperature to a large extent, hence suggesting that previous studies might have 464 
overestimated the negative impact of climate change. Additionally, one of the most salient features of the 465 
present model is to calculate the optimal shade level along environmental gradients now and in the future 466 
according to different climate scenarios. Below we discuss differences among coffee genotypes, the effect 467 
of shade and [CO2] fertilization, the importance of soil water availability, the interaction between 468 
temperature and [CO2] effect, as well as implications for smallholders in Mt. Elgon and Mt. Kilimanjaro, 469 
and ultimately model improvements. 470 
7.1 Genotypic variation 471 
Data availability for calibration purposes is a major constraint. Explicitly analyzing the uncertainty range in 472 
parameters is therefore of great importance (Beven 2008). Due to the lack of certainty concerning which 473 
parameter sets best simulate the actual genotypes and planting densities currently cultivated at the sites of 474 
interest, we did our simulations based on the entire range of parameter values by sampling the plausible 475 
parameter space. Despite the uncertainty in the absolute change induced by the assessed scenarios compared 476 
to current non-shaded systems (Figure 5 and 6), the model allows for identifying the direction of change in 477 
coffee yield (Reyer et al. 2016). It further exemplifies the potential of improved genotypes in the context of 478 
climate change adaptation (Bertrand et al. 2016). The maps in Figures 3 & 4 represent only one general 479 
Arabica genotype at a fixed planting density resulting in relatively low observed water-limited yield up to 480 
2.5 t/ha. The use of modern high yielding dwarf varieties (e.g. Catimor derived varieties) planted at high 481 
density (4000-5000 plants/ha) as commonly found on coffee plantations in Brazil and Colombia, for 482 
example, can reach yield levels over 3 t/ha (van der Vossen et al. 2005; DaMatta et al. 2007). Different 483 
coffee varieties exhibit different yield potentials and responses to environmental stresses. Differences in 484 
morphological traits have been identified to be the main determinants of yield differences and drought 485 
tolerance among Arabica cultivars (Tausend et al. 2000; Zhang et al. 2017). Open questions remain 486 
regarding genotypic differences in temperature tolerance and response to elevated [CO2]. Furthermore, 487 
hybrid varieties between Arabica, Robusta and hybrids of Timor have been developed mainly for pest and/or 488 
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disease resistance (Bertrand et al. 2016; Herrera & Lambot 2017) that could potentially also benefit of 489 
Robusta’s tolerance to higher temperature. To analyze this, data of different varieties on the physiological 490 
(particularly stomatal conductance) and morphological characteristics are required. The sensitivity analysis 491 
(Figure 7) highlights that plant architecture (light extinction coefficient) plays an important role in plant 492 
performance under shaded or non-shaded conditions. Traditional varieties which have a less dense canopy 493 
(Unigarro et al. 2016) are usually better adapted to shade, while modern dwarf varieties with high self-494 
shading often grow well without shade (Montagnon et al. 2012). Genotypic differences regarding responses 495 
to light availability are of great interest for using agroforestry systems as adaptation strategy (Bertrand et 496 
al. 2016). 497 
7.2 Effect of shade 498 
The model allows for estimating the optimal shade level along environmental gradients now and in changing 499 
future climates. In areas with optimal water supply, elevated temperatures and high solar radiation, a range 500 
of shade tree species can be used with beneficial effects for coffee yield. In these areas, trees with high 501 
timber value or fast-growing ones can substantially improve farmers’ livelihoods (Schaller et al. 2003; Vaast 502 
et al. 2008; Vaast et al. 2015). Where water is limiting, shade trees need to be selected with high root niche 503 
differentiation (Cannavo et al 2011; Padovan et al. 2015) and non-competing phenology. The latter also 504 
provides options to optimize light availability (Beer et al. 1998). Knowledge of appropriate selection of 505 
shade tree species (van der Wolf et al. 2016) and their management related to timing and amount of pruning 506 
is thus required (Beer et al. 1998). It is important to further consider the economic impact of agroforestry 507 
systems. At locations where shade does not decrease coffee yield, or when such decreases are relatively 508 
small, increased farm profitability and revenue diversification can be achieved by farmers due to the co-509 
production of other agroforestry products, such as fruits, firewood, and timber (Rice 2011; Vaast et al. 510 
2015). 511 
We showed that the model responds well to decreasing light availability, by increasing the sensitivity of 512 
parameters relevant to light interception (Figure 7). Soil hydraulic parameters had a strong effect on yield, 513 
which emphasizes the importance of sound soil input data. Different soil types will therefore have an 514 
important influence on yield output, which need to be accounted for in addition to changes in climate 515 
variables. We suggest the use of recently established spatial databases on root zone plant-available water 516 
holding capacity (Leenaars et al. 2015), but uncertainties in these data should be taken into account in future 517 
studies. These soil types in combination with precipitation regime and root distribution of shade tree species 518 
will largely determine the risk for water competition or potential for complementarity between coffee and 519 
intercrops/shade trees (van Kanten & Vaast 2006; Cannavo et al. 2011; Padovan et al. 2015).  520 
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In this study, light and water competitions were estimated conservatively, assuming homogeneous shade 521 
cover and full potential water competition within a single soil layer. Nevertheless, the selected approach 522 
allows the calculation of the biophysical determinants of successful agroforestry systems (Sanchez 1995) at 523 
the critical endpoints of the continuum of different degrees of light and water competition. Shade tree species 524 
differ substantially in the way they intercept light and use water based on their canopy, root architecture and 525 
phenology (e.g. deciduous vs. evergreen trees) (Luedeling et al. 2016). On the other hand, the model does 526 
not account for the effect of shade and climate change on pests and diseases. Shade can either have beneficial 527 
or negative effects on pests and diseases depending on environmental context (Jonsson et al. 2015; Liebig 528 
et al. 2016) which additionally requires careful consideration for shade tree management (Staver et al. 2001). 529 
7.3 Effect of [CO2] fertilization 530 
We identified that an increase in [CO2] might substantially mitigate some of the negative impacts caused by 531 
climate change, although the magnitude of that mitigation effect is not clear due to possible responses in 532 
phenotypic plasticity (Aspinwall et al. 2015). To account for this uncertainty in CFE, we modelled zero 533 
effect (modelled by omitting an increase in [CO2] in the future) and the effect resulting when no phenotypic 534 
plasticity is assumed as a response to elevated [CO2] from 380 ppm to 478 ppm. The model indicates an 535 
averaged maximum effect on coffee yield between 13.5 – 21 % (Figure 5), with higher effect at the more 536 
humid Mt. Elgon site, compared to the drier Kilimanjaro site. Although water-use efficiency generally 537 
increases due to elevated [CO2] at an instantaneous time-scale, the duration of stomatal opening at longer 538 
time scales is increased at more humid sites which can lead to higher overall benefit of [CO2]. Our modelled 539 
values agree well with the average response of 13% found in free-air [CO2] enrichment experiments (FACE) 540 
across a range of C3 crops (Long et al. 2006) and a recent one conducted on coffee in Brazil, resulting in a 541 
yield increase of 12.0 – 14.6%, depending on genotype, due to increasing atmospheric [CO2] concentrations 542 
from 390 ppm to 550 ppm over a two-year period without increasing ambient temperature (Ghini et al. 2015; 543 
DaMatta et al. 2016). This yield increase was even larger (approx. 40%) in the third year leading to a mean 544 
increase of 28% (Raquel Ghini, personal communication). This high CFE found in this FACE experiment 545 
is due to the absence of downregulation in photosynthetic capacity or acclimation of stomatal conductance. 546 
There was no decrease in leaf nitrogen content and no alteration in leaf Rubisco content. Differences 547 
between the two evaluated genotypes in their responses to elevated [CO2] were found, suggesting some 548 
uncertainties on how other common Arabica varieties might respond. Anyway, this general lack of 549 
phenotypic plasticity in response to elevated [CO2] is exceptional when compared to many other C3 plants 550 
(Ainsworth & Long 2005) and suggests that Arabica coffee benefits comparatively well from CFE. This 551 
appears to be due to the fact that coffee photosynthesis is highly limited by diffusional rather than 552 
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biochemical limitations (Martins et al. 2014b). Research on other C3 plants with similar diffusional 553 
limitations have also indicated above-average benefit of CFE (Niinemets et al. 2011; Flexas et al. 2014). 554 
Additionally, as a perennial woody species it has a larger carbon sink capacity compared to annual crops 555 
(Ainsworth & Long 2005). Higher water use efficiency is thereby achieved by increasing net photosynthesis 556 
at maintained stomatal and mesophyll conductance (DaMatta et al. 2016). Maintaining stomatal 557 
conductance is beneficial as a reduction might result in an increased leaf temperature via its effects on leaf 558 
energy balance (Bernacchi et al. 2007), which could exacerbate the warming induced by climate change.  559 
7.4 Interaction between temperature and [CO2] effect 560 
To what extent elevated [CO2] might mitigate increased temperature is unclear and might be different for 561 
different genotypes and dependent on the accompanying change in air humidity and soil water availability. 562 
Growth chamber studies have found increased tolerance of coffee to supra-optimal temperature at elevated 563 
[CO2], mainly due to increased investment into protective measures (Martins et al. 2016; Rodrigues et al. 564 
2016). The degree of this increased tolerance will depend on the temperature and precipitation induced 565 
changes in soil moisture and VPD and the vigor of the coffee plant. Therefore, hot and humid areas are 566 
expected to benefit more from the interaction between elevated [CO2] and supra-optimal temperature, 567 
compared to areas that will become hot and dry. This explains why our model implies that elevated [CO2] 568 
does not allow to maintain current yield in Kilimanjaro, while at Mt. Elgon it might cancel out the negative 569 
effect of increased mean temperature. Irrigation practices are widespread in the Kilimanjaro area (Hemp 570 
2006) and the last two decades (1990 - 2010) have been identified as quite dry compared to average climate, 571 
with reductions in precipitations during the main growing season (Otte et al. 2016). Further drying is 572 
projected by the HadGEM2-ES due to decreased rainfall in combination with higher evaporative demand 573 
as a result of higher temperatures, particularly during bean filling. This likely results in increased C demand 574 
for maintenance and respiration as well as for bean filling, with simultaneous decrease in photosynthesis 575 
due to increased VPD and drought stress. Importantly, we have to be aware that there remain high 576 
uncertainties on how the interactions between warming and elevated [CO2] will impact flowering, bean 577 
maturation and cup quality. For example, there are indications that flowering might be severely reduced 578 
under increased temperature (Drinnan & Menzel 1995; Craparo et al. 2015), which is currently not included 579 
in the model due to limited process knowledge. Pest and disease pressure will additionally change and likely 580 
continue to constitute a primary production constraint to coffee cultivation, for which we have only limited 581 
information at present (Jaramillo et al. 2011; Ghini et al. 2015; Jonsson et al. 2015). 582 
7.5 What does the [CO2] effect mean for smallholder farmers in Mt. Elgon and Mt. Kilimanjaro?  583 
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The vast majority of farmers on Mt. Elgon and Mt. Kilimanjaro are smallholders, who Smallholder farmers 584 
in Mt. Elgon and Kilimanjaro constitute the vast majority and are faced withface several constraints to 585 
access adequate nutrient and pest and disease management options, leading to coffee systems with very low 586 
yield (Wang et al. 2015; Craparo et al. 2015; Liebig et al. 2016). Therefore, it is unlikely that they will 587 
benefit of the CFE, unless appropriate actions to promote climate-smart agricultural management are taken 588 
(Vaast et al. 2016). The challenge of the CFE is that it favors highly intensified systems, thereby further 589 
increasing their competitive advantage compared to extensive ones of smallholders, and hence likely making 590 
the formers more vulnerable (Morton 2007). The opportunity of CFE, however, is that improving 591 
smallholders’ farming conditions might allow more of them to continue to cultivate cultivating coffee in the 592 
future than previously estimated.  593 
7.6 Model improvements 594 
Several aspects need to be highlighted for future improvements regarding the present coffee model. Firstly, 595 
further insights are required on how coffee light use efficiency is affected by different light availabilities at 596 
different time scales. This allows for clarifying to what extent the mechanistic light use efficiency approach 597 
(van Oijen et al. 2004) is an appropriate summary model of changes in microclimate due to shade (i.e. 598 
changes in minimum and maximum temperatures, decreased VPD and increased diffuse light) and changes 599 
in phenotypic plasticity of the coffee plant. Secondly, we still lack a sufficient mechanistic understanding 600 
of flowering induction and associated asynchronous flowering events. A first attempt has been done by 601 
Rodriguez et al. (2011) by using demographic population models which should be further evaluated. To 602 
improve our understanding, it will require long term data sets of flowering events combined with weather 603 
and soil data of different environmental contexts. The same is required to better understand factors leading 604 
to flower abortion. Thirdly, a more detailed modelling routine might be required for branch dynamics that 605 
adequately represent competition between fruit load and increment in branch and new branch development. 606 
Depending on the new branches formed and extension of existing branches, the nodes and potential 607 
flowering should be calculated. Finally, improvement is also required in representing the impact of extreme 608 
events, such as temperature and rainfall, on coffee productivity. As more data become available, more 609 
complex process representation will be possible, either through direct parameterization or inverse 610 
modelling. Particularly, this is needed for extending the soil water balance to multilayered soil 611 
compartments enabling root niche differentiation between the coffee plant and shade trees as recently 612 
exemplified in Nicaragua (Padovan et al. 2015). In order to better account for differences in canopy structure 613 
of the shade trees, summary models as presented by Duursma & Mäkelä (2007) and Forrester (2014) could 614 
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be implemented, with intermediary complexity between our present approach and the MAESTRA approach 615 
as used by Charbonnier et al. (2013, 2017). 616 
These improvements strongly depend on data availability. The collection of functional trait data for different 617 
genotypes in different environmental contexts will allow to analyze genotypic and phenotypic plasticity and 618 
significantly contributes to the required data for modelling endeavors. This requires the consolidation of 619 
available functional trait data for coffee (particularly flowering phenology) and shade trees within the plant 620 
trait database (Kattge et al. 2011; Martin & Isaac 2015) but also on coffee yield, management practices and 621 
local knowledge (Ordonez et al. 2014; van der Wolf et al. 2016). Consolidation of such a database would 622 
improve either direct parameterization or calibration through inverse modelling, for example by using a 623 
Bayesian approach, thereby allowing to estimate parameter values in different climates where weather, soil 624 
and production data are available (van Oijen et al. 2005).  625 
  626 
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7. Conclusions 627 
We presented a mechanistic model that processes spatially-explicit soil and climate data to guide coffee 628 
cultivation and shade tree management for sustainable coffee production systems. We applied the model to 629 
two case studies, namely the slopes of Mt. Elgon, Uganda, and Mt. Kilimanjaro, Tanzania. According to the 630 
GCM used (HadGEM2-ES), Mt. Kilimanjaro will be severely affected by a drying climate in the future, 631 
while Mt. Elgon is impacted to a lesser extent. The present modelling results confirm earlier studies on 632 
coffee suitability changes, namely that low-altitude areas will be more strongly affected by climate change. 633 
However, previous studies did not include neither CFE nor shade management and consequently seem to 634 
have overestimated the negative effects of mean changes in temperature and shifts in precipitation regimes; 635 
i.e. yield improvements due to elevated [CO2] seem to largely mitigate the negative impacts of elevated 636 
temperature. Shade trees can play a strong beneficial role at the low-altitude areas that have more marginal 637 
climates and will suffer most from climate change. Higher altitude areas (>1500m) may see little to no direct 638 
benefit from shade trees on coffee yield. The model outputs can guide initiatives related to trees in 639 
agricultural landscapes, such as biodiversity conservation and/or carbon sequestration, and in minimizing 640 
potential trade-offs with farm productivity. This will aid in decision making towards improvement of current 641 
coffee landscapes and their adaptation to climatic change. In integrating the current understanding of the 642 
coffee system, we also identify knowledge gaps related to flowering and bean maturation and hence cup 643 
quality in response to climate change with particular focus on climate extremes which require further study. 644 
The positive effect of CFE will particularly benefit intensified systems, hence significant improvements in 645 
agronomic management of smallholder systems will be required. Therefore, sustainable intensification 646 
remains an important aspect of climate change adaptation. Although we showed that shade management 647 
consists of an important adaptation strategy, increased knowledge on adequate selection and management 648 
of shade tree species will be required to maximize complementarity in the use of resources, particularly 649 
water. This will also require more insights into the impact of shade trees on nutrient complementarity and 650 
pest and disease pressure for coffee under various climate change scenarios. 651 
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